Sardina pilchardus is a marine species common in the North Atlantic Ocean, and is subjected to diffuse anthropogenic chemical contamination and seasonal fluctuations in biotic and abiotic parameters that may alter its physiology and condition. Biological material is easily available through commercial fisheries, which could facilitate its use as a bioindicator species. The aim of the present work was to address its potential inclusion in biomonitoring studies, considering a combinatory approach through the use of enzymatic biomarkers and somatic indices, by assessing spatial and temporal patterns in a metapopulation along the west coast of Portugal. Our results showed significant variability of the biochemical and physiological profile of the fish, mainly concordant between sampling sites. Large differences for most markers were found across periods of the year, showing the importance of seasonality, which was mostly related to the reproductive cycle. Hence, environmental scientists should acknowledge seasonality as a strong driving force for physiological adaptations, influencing biochemical markers that are normally used to identify effects of chemical contamination. The here-obtained set of data suggests that S. pilchardus may be successfully included in oceanic biomonitoring studies, when one considers that the contribution of seasonal factors may exceed the influence of eventual anthropogenic contamination.
INTRODUCTION
The use of biomarkers is nowadays important in environmental monitoring programs, and also as early warning signals of environmental distress (Cajaraville et al., 2000; Lam and Gray, 2003; Tsangaris et al., 2010; Fonseca et al., 2011) . These tools may provide an indication of the physiological status of organisms and populations, identify seasonal and spatial trends, thus allowing a multi-scale assessment of ecosystem quality, which is useful for ecophysiological and ecotoxicological studies (Peakall, 1992; Heath, 1995) . Biochemical markers, more than just signaling the presence of foreign chemicals with biological activities, may give specific insights into processes and mechanisms that are impaired or modified by the contribution of a large set of factors. Among causal factors of the modification of biomarkers, one can find a multiplicity of sources, both of human but also of natural origin. A comprehensive battery of different biomarkers is appropriate to quantify overall biological effects under the challenge of multiple stressors. Many stressors (including pesticides, drugs or metals) exert their activity by acting on the central nervous system, causing neurotoxicity; to address neurotoxicity, caused by accumulation of excess of acetylcholine, cholinesterasic inhibition is a suitable tool (Nunes, 2011) . Hypoxia of marine organisms has also been associated to stress (Fischer et al., 1992; Yang et al., 1992) ; lactate dehydrogenase (LDH) is an important glycolytic enzyme that may be induced when organisms are exposed to low levels of oxygen (Wu and Lam, 1997) or contaminants. LDH activity can function as a marker to assess the respiratory status of organisms (Antunes et al., 2010) . The use of biotransformation enzymes, namely phase II (conjugation) enzymes, has been common in several environmental studies (Le Pennec and Le Pennec, 2003) ; among conjugation enzymes, GSTs activity has assumed a prominent role, which is of fundamental importance in the metabolism of most classes of marine contaminants, but also of endogenous chemicals produced during specific phases of the life cycle of living organisms (Josephy and Mannervick, 2006) . As a response to exposure to electrophilic compounds, GSTs activity may suffer induction at the DNA level (van der Oost et al., 2003; Domingues et al., 2010) . Multiple agents (including contaminants and intense metabolic activity) cause oxidative stress, through the formation and release of reactive oxygen species (ROS), which can in turn react with intracellular critical macromolecules, leading to enzymatic inactivation, DNA damage and cellular death (van der Oost et al., 2003) . Antioxidant enzymes are important in terms of controlling the effects of ROS (Lionetto et al., 2003) ; catalase (CAT), for example, catalyzes the dismutation of hydrogen peroxide in water and oxygen (Chi et al., 2010) . Numerous field studies have demonstrated the usefulness and responsiveness of a battery of biomarkers in natural populations subjected to multiple stresses (Ramos et al., 2014) .
Other indicators are also useful to assess the physiological state of living organisms and can complement biomarker data. In fact, these indicators are also biomarkers, since they reflect measurable modifications in an organism's physiology. However, these parameters are more related to the physiological status, and result from the activation vs. depression of biochemical pathways whose modifications were primarily assessed using tools mentioned in the previous paragraph. Condition factors (ratios between the weight of the whole fish or specific organs and total body length: K, K gut , K liver ) reflect the energy balance of marine organisms, particularly fish, as well as their investment in reproduction and adverse environmental conditions (Yang et al., 1992; Nunes et al., 2011) . Gonadosomatic and hepatosomatic indexes (GSI and HSI, respectively) are frequently determined in fish, and correspond to the relative weight of the gonads or the liver in comparison with total body weight (Fang et al., 2009) . GSI is linked to reproductive function (Yang et al., 1992; Fang et al., 2009) , being sensitive to spawning cycles, ovary development, and exogenous factorssuch as temperature and pollution (Sol et al., 2008) . HSI provides information on fish nutritional status, because the liver is an important energy storage repository (Sol et al., 2008) ; additionally, changes in HSI may reflect challenges from extrinsic factors, such as toxicants and parasites (Fang et al., 2009; Yang et al., 1992) .
Small pelagic fish species are key organisms in marine ecosystems, playing an important role connecting distinct trophic levels, due to their significant biomass in intermediate levels of food chains (Cury, 2000) . They have also proven to be viable organisms in biomonitoring studies with physiological and biochemical markers (van der Oost et al., 2003; Peixoto et al., 2006; Stanic et al., 2006 ; see also previous paragraphs), which allow detecting ecosystem alterations (including pollution and seasonal fluctuations in abiotic parameters), but can also reflect the seasonal modification of the organism physiology, to cope with reproductive needs, for instance. According to Heath (1995) , fish are privileged study objects in this field. Pelagic fish, in particular, are available all year long and in large amounts due to commercial fisheries, and this makes them particularly suitable as quality indicators of coastal areas. Notwithstanding, a large degree of natural variability is expected to occur in the physiological status of these organisms, due to resource and environmental fluctuations (e.g., upwelling and sea temperature regimes and their influence in plankton) and sexual or physiological condition (Ware and Thomson, 1991; Suthers, 1998) . It is therefore necessary to tease out the influence of natural variability (e.g., spatial, seasonal) in selected biochemical and physiological markers before implementing them as biomonitoring tools.
The European sardine (Sardina pilchardus) is the traditional target of the important pelagic commercial fishing occurring in the Atlantic coast of the Iberian Peninsula (Chícharo, 1998; Mendes and Borges, 2006; Nunes et al., 2011) , that uses mainly purse seining as fishing technique (Marçalo et al., 2006) . According to recent data released by the Portuguese national agency that supervises fisheries (DGRNSSM, 2012) , 57,287 metric tons of sardine were captured along the Portuguese coast in 2011. This species is characterized by rapid growth and short life cycle, but can reach a life expectancy of 9 years (Sinovčić et al., 2008) . The geographical distribution of S. pilchardus is vast, from a southern limit located near Morocco/Mauritania to the northern limit at the English Channel/Ireland Sea; longitudinally, this species occurs from the vicinity of the Azores Islands to the East Mediterranean/Black Sea area (Stratoudakis and Silva, 2001) . It is an omnivorous species, essentially filter feeder, with a diet mainly composed by mesozooplanktonic organisms (Costa and Garrido, 2004; Palomera et al., 2007) . Mature individuals mate at the end of the first year of life (Stratoudakis and Silva, 2001 ) and the most active spawning period occurs when the temperature is comprised between 14 and 16 • C, which usually corresponds to winter and spring (Chícharo, 1998; Nunes et al., 2011) . The physiological condition of S. pilchardus seems to be linked to its reproductive cycle (Amenzoui et al., 2006; Garrido et al., 2008; Nunes et al., 2011) . Literature on the use of S. pilchardus as an environmental sentinel has shown its contamination by anthropogenic compounds, namely metals (Canli and Atli, 2003; Cabañero et al., 2005; Falcó et al., 2006) , but also polycyclic aromatic hydrocarbons, polychlorinated biphenyls, and pesticides (Amado et al., 2006; Antunes et al., 2007; El Morsy et al., 2013) . Some of these compounds, namely organochlorine pesticides, are not used in oceanic areas, and their presence in tissues of sardines captured at mid-Atlantic area (Azores Islands) demonstrates the global dispersion, and the validity of using S. pilchardus as an adequate tool to diagnose the presence of persistent anthropogenic compounds in the marine environment (Magalhães and De Barros, 1987) . However, its use as a bioindicator is scarce and only a few studies have used a biomarker approach in this species-see Peters et al. (1994) for biotransformation and antioxidant enzymes in larvae.
The objectives of the present work were: (i) to assess the natural (seasonal) variability of physiological biomarkers in three subpopulations of S. pilchardus, captured in distinct locations; (ii) to verify if the natural variability is somehow connected to the nutritional and sexual cycles of the organisms along a period of 12 months; and (iii) to infer about the potential use of the hereselected battery of biomarkers for biomonitoring the quality of coastal waters.
MATERIAL AND METHODS

SAMPLE COLLECTION AND PROCESSING
Sampling effort was undertaken in close cooperation with Docapesca -Portos e Lotas, SA, which is the Portuguese national company responsible for the management of commercial fish landing and selling. Individuals of S. pilchardus were monthly captured from May 2010 to May 2011 by coastal traditional commercial fishing vessels, by purse seining. This guaranteed that organisms were captured in distinct geographical areas, limited by the fuel autonomy and consequent operating range of commercial vessels. Fishing vessels were departing from Matosinhos the commercial harbors to be landed. We had no involvement in the capture or transportation of fish, nor fish were especially captured for this study; the underlying idea is to use landed fish as a representative sample of local subpopulations in the scope of biomonitoring studies. Upon landing, a random sample of 10 adult sardines (total length > 15 cm) per sampling site and period was processed for subsequent determination of physiological and reproductive state and enzymatic biomarkers. First, sardines were individually measured (total length), eviscerated and weighed (eviscerated weight). Organs were then dissected, and the gut, gonads, and liver were removed and weighed. Finally, specific organs were removed for enzymatic determinations: liver (GSTs and CAT), gills (GSTs), dorsal muscle (LDH), and brain and eyes (AChE). Tissue and organ removal was performed on ice and immediately stored at −80 • C.
NUTRITIONAL, PHYSIOLOGICAL AND REPRODUCTIVE STATE
Condition factors were calculated for the overall individual (K), and for specific organs (K gut , K liver ). The gonadosomatic (GSI) and hepatosomatic indices (HSI) were also calculated. These metrics were calculated according to the following equations: K = eviscerated weight/total length 3 × 1000 K gut = gut weight/total length 3 × 1000 K liver = liver weight/total length 3 × 1000 GSI (%) = (gonad weight/eviscerated weight) × 100 HSI (%) = (liver weight/eviscerated weight) × 100
All metrics used eviscerated weight instead of total weight, following Somarakis et al. (2004) and Nunes et al. (2011) , in order to avoid interference due to stomach content, or due to increase of liver or gonad weight.
ENZYMATIC ANALYSES
The most prominent form of cholinesterase in the central nervous system of S. pilchardus is acetylcholinesterase (Contestabile and Zannoni, 1975) . Samples (brain + eyes) were homogenized in ice-cold phosphate buffer (0.1 M, pH = 7.2) with a tissue homogenizer. Homogenized samples were then centrifuged for 3 min at 4 • C, at a speed of 6000 rpm (∼3800 g). The remaining pellet was discarded, and the supernatant was stored at −80 • C for further analysis. AChE activity was spectrophotometrically determined with a spectrophotometer multiplate Labsystem Multiskan EX, according to the methodology described by Ellman et al. (1961) . AChE present in samples degrades acetylthiocholine (substrate), forming acetate and thiocholine. This degradation makes possible the consequent conjugation of thiocholine with DTNB [5,5 -dithiobis-(2-nitrobenzoic acid), also known as Ellmann's reagent] forming a yellow conjugate (ε = 1.36 × 10 4 M −1 cm −1 ). This allows quantifying cholinesterasic activity by assessing the absorbance increase at a wavelength of 412 nm (Nunes, 2011) . AChE activity was expressed as μmoles of hydrolyzed substrate per minute, per mg of protein.
Liver and gill samples were homogenized in ice-cold phosphate buffer (50 mM, pH = 7.0, 0.1% Triton X-100) and centrifuged at 4 • C for 10 min at a speed of 15,000 g. The obtained pellet was rejected and supernatants were recovered, divided into aliquots and frozen (−80 • C) for further analyses. CAT activity in liver was spectrophotometrically determined, by following the absorbance decrease correspondent to the decomposition of hydrogen peroxide to oxygen and water, during a time-course of 30 s, at a wavelength of 240 nm (ε = 0.00394 ± 0.0002 mM −1 mm −1 ), according to the protocol by Aebi (1984) . CAT activity was expressed in μmoles of H 2 O 2 consumed per minute, per mg of protein.
GSTs activity was spectrophotometrically determined following the conjugation of the specific substrate CDNB (1-chloro-2,4-dinitrobenzene) with GSH (glutathione, reduced form) forming a thioether whose formation can be accompanied at a wavelength of 340 nm (ε = 9.6 mM −1 cm −1 ), following an adaptation from Habig et al. (1974) . GSTs activities were quantified in gill and liver samples (see above), and were expressed in nanomoles of thioether produced per minute, per mg of protein.
Dorsal muscles samples were homogenized in ice-cold Tris/NaCl buffer (pH = 7.2; 80 mM Tris, 0.2 M NaCl), and were subjected to three consecutive cycles of freezing and thawing, to force the rupture of the cellular membrane and release of intracellular content. Samples were then centrifuged at 4 • C, for 3 min, at 6000 rpm (∼3800 g). The obtained pellet was discarded and subsequent testing was performed in the supernatant. LDH activity was spectrophotometrically determined by following the decrease of absorbance for a period of 5 min, due to the simultaneous oxidation of NADPH and consumption of the substrate pyruvate by LDH (according to Vassault, 1983) . This was followed at 340 nm (ε = 6.3 mM −1 cm −1 ), and activity was expressed as μmoles of hydrolyzed substrate per minute, per mg of protein.
Total soluble protein of all samples was determined using the Bradford method (Bradford, 1976) , using gamma-globulin as a standard. All enzymatic activities (see above) were expressed as a function of the sample protein content.
STATISTICAL ANALYSIS
Two datasets were built: one with physiological and reproductive data (condition factors and indices) and the other with biomarker data. The overall profiles of both datasets were separately analyzed with Principal Component Analysis (PCA), which reduced the multidimensional data matrices to interpretable bidimensional plots that explained the highest proportion of variation in the data (following Ter Braak, 1995) . Data were a priori centered and standardized to reduce scale effects (Ter Braak, 1995) . TwoWay analyses of variance (ANOVA) were then performed on the PCA sample scores to assess seasonal (among months) and spatial (among sites) differences in the datasets. This allowed an overall appraisal of the sources of variation in the physiological and biochemical patterns of the studied populations. Similar approaches have been described in the literature for other reproductive and physiological data matrices (Loureiro et al., 2012; Correia et al., 2014b) .
Because we were particularly interested in the biomarker profiles (see objectives), they were analyzed separately for each subpopulation. To encompass the observed seasonality, we defined discrete periods (feeding, reproduction, post-spawning) according to the seasonal profiles in physiological and reproductive condition. Thus, each of the enzymatic markers was analyzed with nested ANOVA-tests to assess the effect of period. Because each period comprised samples from different months, month was used as a fixed factor, nested within period (Quinn and Keough, 2002) .
Additionally, we assessed the degree of association between the biomarker data and the physiological and reproductive status of the fish, using bivariate and multivariate approaches: (a) correlation analysis, and (b) redundancy analysis (RDA). In both cases, these approaches were applied to a global dataset (pooling the three subpopulations) and to reduced datasets for each subpopulation. Correlation analysis calculated the Pearson product moment coefficient (r) for all combinations of enzymatic biomarkers and condition factors and indices. To reduce noise, we used a conservative approach and considered only correlations that cumulatively displayed high significance (P ≤ 0.01) and r > 0.3 (i.e., moderate to strong association). RDA is a constrained ordination technique derived from PCA, and it was used to assess the amount of variation of the biomarker dataset that could be explained by the physiological and reproductive multivariate dataset. Monte Carlo permutation tests (unrestricted permutations) were used to assess the significance of the RDA models.
PCAs and RDAs were conducted with CANOCO for Windows version 4.5 (Scientia Ltd., Fulbourn, UK), whereas ANOVAs and graphs were carried out in Minitab 16 (Minitab Inc., State College PA, USA). A fixed level of significance was used (P ≤ 0.05), except where noticed.
RESULTS
OVERALL PHYSIOLOGICAL AND BIOMARKER PROFILES -MULTIVARIATE ANALYSES
A total of 380 animals were analyzed throughout 13 months, distributed by Aveiro (n = 130), Matosinhos (n = 120), and Peniche (n = 130) putative subpopulations. No fish were available at Matosinhos during February, since this period corresponded to the closed season. To assure some standardization in fish age and body size, captured fish were selected in order to maintain body length as uniform as possible (Aveiro: 19.1 ± 1.97 cm; Matosinhos: 18.7 ± 1.56 cm; mean length ± SD), although slightly larger fish were consistently captured in Peniche (20.9 ± 0.90 cm).
The initial exploration of the data, using PCA, revealed that variation in fish condition and reproductive state was mainly seasonal (see variance and F-test of ANOVA applied to PCA scores, Table 1 ), with only a minor contribution of site (see effect of site and month × site interaction, Table 1 ). The same was valid for the biomarker profile (Table 1) . Indeed, the PCA biplots show a large scatter of fish scores (due to seasonality), but a high degree of overlap among subpopulations, both in terms of the condition and reproductive state ( Figure 1A ) and biomarker profile ( Figure 1B) . Only the first two PCA components were analyzed, as together they explained the largest fraction (80.6% for fish condition and reproductive state and 62.5% for the biomarker profile) of the total variation of the data.
Redundancy analysis (RDA) revealed that the physiological and reproductive state of the fish could explain a significant portion (Monte Carlo permutation test, P < 0.05) of the total variation of the biomarker data, for Aveiro (23.1% of explained variation), Matosinhos (20%), and Peniche (43.7%) subpopulations. The proportion of variation explained in the Peniche subpopulation revealed a very high association of the two variable sets. When all data were pooled together, in a global RDA with the three subpopulations, fish condition and reproductive state explained 26.8% of the total variation of the biomarker data (significant RDA model: Monte Carlo permutation test, P = 0.002). The portion of unexplained variation of the biomarker dataset is due to factors that were not measured, either endogenoussuch as sexual, age, and genetic differences (within and between subpopulations)-or exogenous (variations in temperature, food availability, contamination).
FISH CONDITION AND REPRODUCTIVE STATE
Condition factor (K) of individuals of the three subpopulations monotonically increased throughout summer, which was accompanied by an increase in K gut (Figure 2) . During this period, the relative weight of liver (K liver and HSI) also increased (Figure 2) . This is characteristic of a feeding period, accompanied by the storage of energy reserves in the liver (June-August). From September onwards, feeding decreased (see abrupt fall of K gut ) and liver condition also dropped. Concomitantly, condition of fish decreased. During this period, GSI increased in all subpopulations, reaching its maximum in November or December (Figure 2 ). This suggests a period of gametogenesis, which was consistent among subpopulations, although less pronounced in Matosinhos subpopulation. From December onwards, GSI dropped, which is consistent with gamete release (spawning). Condition remained low throughout this period. Condition and reproductive state were clearly associated: GSI and HSI were inversely associated (r = −0.300; P < 0.001), for all sampling sites; GSI was also inversely related to liver condition (K liver ; r = −0.320; P < 0.001) and gut fullness (K gut ; r = −0.509; P < 0.001). This resulted in consistent seasonal patterns, and only minor differences were observed among subpopulations (e.g., lower liver condition in August for Aveiro subpopulation). This strong seasonal pattern confirms the above analysis (ANOVA on PCA scores), which
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shows a large seasonal component and only a minor contribution of among-subpopulation variation. Thus, three distinct periods were found in all three subpopulations, reflecting the physiological and reproductive cycle: (a) feeding and energy storage (June-August); (b) reproduction -gametogenesis and spawning (September-January); (c) post-spawning (February-May). This distinction between periods is visible in the overall physiological and reproductive profile of the three subpopulations (Figure 3 top panel) . The feeding (June-August) and reproduction (September-January) period are clearly separated, while the post-spawning period (February-May) occupies an intermediate position. This is related to the increased condition during the feeding period and increased GSI during the reproduction period (see arrows in Figure 1A) . Again, albeit small differences, the pattern is still consistent in all three subpopulations.
BIOMARKER DATA
The distinction between periods (see above) is visible in the overall biomarker profile of the three subpopulations (Figure 3 bottom panel). The reproduction period is clearly separated from the remaining periods, which is mostly related to gradients in LDH, CAT and GSTs activities (see arrows in Figure 1B ). Small differences among sites are visible but this general pattern is fairly consistent in all three subpopulations. Variability of enzymatic biomarkers was clearly related to the physiological and reproductive state of the fish, as a significant effect of period (feeding, reproduction and post-spawning) was observed in almost all cases ( Table 2 ). The exception was AChE, which remained unaltered throughout the sampling period, except for Aveiro individuals. However, even in this case, the differences were not very pronounced.
The activity of LDH in the muscle of S. pilchardus was generally consistent in all sampling sites, and increased progressively from May to September, and then suffered a significant decrease until January. All other biomarkers varied substantially across periods and a consistent pattern clearly emerged (Figure 4) : during the reproductive period (allocation of energy reserves to gametogenesis + spawning), CAT and GSTs activities were significantly lower; during non-reproductive periods, the levels of these two biomarkers were significantly increased.
BIOMARKERS DEPEND ON FISH CONDITION
The coupling of physiological × reproductive state and biochemical markers (see above) is also clear when looking at correlations between the two sets of variables. These correlations were observed in a global dataset, including all putative subpopulations; however, they were also significant in reduced datasets for each of the three subpopulations. Negatively significant correlations were found between reproductive state (GSI) and CAT (r = −0.430; P < 0.001), GST liver (r = −0.443: P < 0.001) and GST gills (r = −0.456; P < 0.001) activities. This clearly corroborates the lower activities consistently observed during the reproductive period, and for animals of all three sampling sites (see above). On the other hand, GST liver activity was positively associated with liver condition, measured as K liver (r = 0.384; P < 0.001) and HSI (r = 0.377; P < 0.001), as well as with stomach condition, K gut (r = 0.464; P < 0.001). Last, LDH muscle activity was significantly correlated with overall condition, K (r = 0.555; P < 0.001).
DISCUSSION
The here-obtained data corroborate the conclusions drawn by Chícharo (1998) and Nunes et al. (2011) , who established that S. pilchardus from the coastal waters of Portugal were reproductively active from autumn to spring. As a consequence, this organism shows a large effect of seasonality in terms of its body composition and physiological state: it accumulates fat in the gut, muscles and under the skin, and there are seasonal and spatial differences in the amount of stored fatty acids (Garrido et al., 2007) . During November and December, it was possible to observe a significant increase in GSI, reflecting the onset of the winter spawning season; this period was preceded by an intense nutrient uptake and accumulation of energetic reserves from June to September, reflected by considerable rises in HSI and K. These findings are in agreement with those of Nunes et al. (2011) , who found a seasonal transition from a period of energy allocation to reproduction (autumn and winter) to a period of resource allocation into growth and fat deposition (spring and summer). The spawning season is responsible for the All factors are fixed. mobilization of high-energy reserves, mainly obtained by conversion of lipids previously accumulated, or resulting from feeding during the spawning period (Garrido et al., 2008; Nunes et al., 2011) . Immediately after the spawning season (with a strong reduction of the GSI), it is possible to observe a distinct period, known as ovary resting phase, during which the fish improves its condition (Kleinkauf et al., 2004; Nunes et al., 2011) . Availability of nutrients during this phase is critical, since it conditions the amount of fat reserves that are accumulated before the spawning season, thus influencing reproduction (Garrido et al., 2008) . Seasonal variations in the amount of fat in tissues of S. pilchardus are a result of their location during the spawning season, and the maturation status of gonadal tissue can be related to the seasonality of the diet, and to the water temperature (Garrido et al., 2008; Ganias, 2009 ). According to Chícharo (1998) , spawning is modulated by water temperature, and only occurs at temperatures between 14 and 16 • C; this may explain the differences observed among the three sampling sites, in terms of the quantified indexes. Fish liver is an important temporary storage organ of lipids and glycogen, whose size may increase immediately before the spawning season (Kleinkauf et al., 2004; Nunes et al., 2011; Trujillo-Jiménez et al., 2011) . Lipids are, together with proteins, the main organic chemical constituents of fishes (Tocher, 2003) . The role of fatty acids is particularly important in energy metabolism, under the form of ATP, which is the basis for growth, reproduction, and migration. It is possible to suggest that the amount of stored fatty acids must assure the energy needs of both parental fish and of their offspring (Tocher, 2003) . The low values of HSI, before and after spawning, may result from the transference of energetic reserves from the liver to the gonads, to allow the occurrence of reproductive events (Trujillo-Jiménez et al., 2011) . After gametogenesis and spawning, reserve substances in the liver suffered a drastic reduction, leading to the reduction of liver weight and, consequently, of the indexes of hepatic condition, including HSI and K liver (Kleinkauf et al., 2004; Trujillo-Jiménez et al., 2011) . Our results showed that the hepatic reserves were clearly associated to GSI, in part because spawning and feeding are also associated, as earlier mentioned. Increases in GSI were observed immediately after a period of high availability of food (Jul-Aug), which was demonstrated by a sharp increase in K gut .
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This corroborates the data obtained by Coelho (2002) , which showed that the strongest feeding period of sardines typically occurs from July to September, due to the upwelling phenomena that favors high densities of phyto-and zooplankton. Sardines feed intensively during the reproductive resting phase; however, during spawning sardines can also feed, but nutrients are mobilized for the gonadal tissue, not being accumulated (Garrido et al., 2008) . Our results for all analyzed subpopulations are in line with previously published data, showing that the reproductive activity varied inversely in relation to the somatic condition and fat accumulation, which occurred mainly during Summer (Silva et al., 2006; Ganias, 2009; Nunes et al., 2011) . These seasonal changes had implications in the enzymatic profiles of the selected biomarkers.
The variability concerning biomarker data is very much related to the observed reproductive and physiological changes throughout the sampling period. In addition to pollution, several other factors may bias biological responses that are used as biomarkers. Among these, health condition, sex, age, nutritional status/food availability, reproductive phase, metabolic activity, population density, migratory behavior, and environmental factors (e.g., season, and temperature) can alter the physiology of test organisms, thus compromising the effectiveness of biomarker use in environmental analysis, namely for the detection of contamination (van der Oost et al., 2003; Napierska et al., 2009) . Additionally, all the mentioned factors can even alter the bioaccumulation profiles and the levels of pollutants in tissues of exposed organisms (Stanic et al., 2006; Vidal-Liñán et al., 2010) . It is possible to sustain that modifications in biomarker levels can also be due to the natural physiological cycles of sampled organisms, rather than being indicators of exposure to chemical pollution (Sheehan and Power, 1999; Vidal-Liñán et al., 2010) . Indeed, the distinction between periods (which were defined according to the physiological and reproductive state) is visible in the overall biomarker profile of the three subpopulations. The reproduction period is clearly separated from the remaining periods, which is mostly related to gradients in LDH, CAT and GSTs activities. AChE, on the other hand, remained fairly unaltered throughout the sampling period, except for Aveiro individuals. This is not surprising, since cholinesterases present in the nervous system are usually constitutively expressed, and their increase occurs under strict physiological control. On the other hand, and given the absence of significant depressive effects, it is possible to assume the lack of compounds with anticholinesterasic effects (e.g., pesticides of agricultural use) to which sardines could have been exposed (Nunes, 2011) . The presence of significant levels of anticholinesterasics in open oceanic waters is not common, and the presence of such residues is mainly explained by atmospheric deposition (Mai et al., 2013) . However, the co-occurrence of diffuse pollution, including metals, tensioactive compounds and, most important, hydrocarbons could alter cholinesterasic activity of fish (Akaishi et al., 2004) ; however, this did not occur, suggesting the absence of cholinesterase inhibitors in the area. The lack of significant fluctuations of AChE activity throughout the year contrasts with some studies, which had suggested the possibility of modifications in AChE activity as a result of seasonal variations (Vidal et al., 2002; Lau et al., 2004; Leiniö and Lehtonen, 2005; Bocchetti et al., 2008) ; temperature, for example, is one of the most prominent factors affecting acetylcholinesterasic activity (Leiniö and Lehtonen, 2005) . Our data do not support the latter argument as no objective patterns along the year were devised.
The activity of LDH in the muscle of S. pilchardus was generally consistent, increasing progressively during the feeding and storage period, and then suffering a significant decrease during spawning. It is possible to hypothesize that LDH increase may reflect a response to augmented energy demands, during anabolism and energy allocation to reproductive processes. Spawning in fish is an extremely demanding process in terms of energy production and allocation, which in turn depend upon the availability of nutrients (namely protein and energetic nutrients from the diet), as shown by Abdel-Fattah and Kawanna (2008) . Considering the pelagic nature of S. pilchardus, and its need to be continuously in motion for vast distances, it is likely that LDH was overexpressed as a response to the allocation of nutrients previous to the spawning effort, thus privileging the anaerobic pathway of energy synthesis. Therefore, the increase of LDH coincided with the physiological phase of allocation of energy reserves to gametogenesis, for subsequent spawning, reflecting the use of an anaerobic alternative pathway for obtaining energy during this critical phase, as already suggested by Chatzifotis et al. (2011) . Having to cope with increase energetic requirements, fish muscle tended to increase the portion of energy obtained from anaerobic processes. Concomitantly, the increase in LDH activity may also have been related to the increase of temperature along the year. Temperature is one of the main variables that conditions the level of dissolved oxygen in water; lower levels of oxygen can in turn cause increases in anaerobic metabolism in aquatic organisms (namely, fish), which are elicited by significant rises in LDH activity in highly demanding tissues, such as muscle (Thébault, 1984; Wu and Lam, 1997; Nathan et al., 2006) . LDH is responsible for the continuation of glycolysis under hypoxic conditions, which is the main justification of its use for the assessment of the metabolic state of the organism (Moreira et al., 2006) . The hereobtained results (increase of LDH activity during hotter months, late spring and summer) may thus reflect the increase in water temperature and consequent decrease in oxygen concentration. Additionally, fish can alter their preferential metabolic pathway, changing from aerobic to anaerobic according to the rise in water temperature, as shown by Nilsson et al. (2009) . This may explain the here-obtained results regarding the fluctuation of LDH levels.
CAT and GSTs activities were significantly lower during the reproductive period, whilst the levels of these two biomarkers (which are clearly oxidative-related) were significantly increased during non-reproductive periods. This may be explained by the nature of the aerobic metabolism required for anabolism, and also for the biosynthesis of energetic reserves, which are to be mobilized to gametogenesis and incorporated into the gametes, prior to spawning. Considering that both enzymes had their activities significantly induced during warmer periods, which coincided with anabolism/biosynthesis of reserves, it is possible to sustain the occurrence of conditions more favorable to oxidative stress. This is a pattern already demonstrated for other marine fish species, including Zoarces viviparous (Heise et al., 2007) , Solea senegalensis (Oliva et al., 2012) , and Mugil cephalus (Padmini and Vijaya Geetha, 2009 ). The discussion of both biomarkers is intrinsically connected, since CAT and GSTs may give further insights into physiological oxidative processes. Both CAT and GSTs activities were substantially higher during May and June. Several studies show that CAT activity in marine organisms may be modulated by seasonal variations, including reproductive cycles and nutritional status (Regoli, 1998; Sheehan and Power, 1999; Vidal et al., 2002; Leiniö and Lehtonen, 2005; Vidal-Liñán et al., 2010) . Catalase is mainly located in a specific intracellular organelle of the liver, the peroxisome, whose function is related to metabolism of fatty acids (Huggett et al., 1992) , with release of H 2 O 2 as by-product. Hydrogen peroxide is an oxidant compound, and consequently toxic to the cell, and thus the catalytic activity of CAT is required for its dismutation (Huggett et al., 1992) . It is licit to suggest that, during a period of large food availability (such as May-June), aerobic metabolism is intensified for an increased nutrient absorption, leading to the formation and release of oxyradicals during catabolism of ingested substances. This increased metabolic rate can ultimately cause an increase in CAT activity (Regoli, 1998; Vidal et al., 2002; Leiniö and Lehtonen, 2005) , which is in agreement with the hereobtained data. Temperature increase per se can stimulate the global metabolic processes, favoring a transient overproduction of ROS, resulting in pro-oxidative conditions (Lushchak, 2011) . Data published by Vinagre et al. (2012) corroborated the role of temperature on the increased levels of CAT measured in the marine fish species Dicentrarchus labrax. According to this study, higher water temperatures can lead to a significant (almost sevenfold) increase in CAT activity. Catalase increase was also followed by lipid peroxidation, showing a well-established linkage between high temperature and the onset of oxidative stress-related processes in fish. On the other hand, CAT activity followed a descending pattern, for specific time periods. As described by Pavlović et al. (2010) , reduction of CAT activity may occur as a consequence of low temperature, but also to shortage of nutrients and/or gonad maturation.
A similar pattern was observed for GSTs activities along the year, and for all sampling stations. Besides being biotransformation enzymes (namely, of phase II or conjugation), GSTs activity is also noteworthy in scenarios of oxidative stress. It is thus possible to suggest that the underlying mechanisms justifying the adopted rationale for the discussion of CAT data can be adopted as well: increase of metabolism and oxygen consumption, resulting from increased food intake, can favor the overproduction of ROS; these intermediates can be promptly scavenged by conjugation with glutathione, a step that occurs with the mandatory intervention of GSTs. A rise in ROS can lead to a significant enhancement of GSTs activity, a phenomenon that was clearly observed (for both gills and liver) for the period comprised from May to August. Despite this generic tendency, this pattern was not absolutely noticeable for animals landed in Aveiro. During the period Sept-Jan, GSTs activity dropped dramatically, for the three sampling sites, suggesting that low temperatures can reduce metabolic activity, ROS production, and ultimately, GSTs expression and activity. The work published by Manduzio et al. (2004) showed that higher temperature and increased availability of nutrients induce the consumption of oxygen and the generation of ROS, which is compensated by the increase of the antioxidant defense system efficacy. Again, seasonality seems to play a decisive role concerning GSTs metabolism, as already postulated by several authors (Regoli, 1998; Kaaya et al., 1999; Vidal et al., 2002; Manduzio et al., 2004; Leiniö and Lehtonen, 2005) . High values of GSTs activity appear to coincide with the reestablishment of nutrient reserves and periods of gametogenesis; low periods of GSTs seem to be associated to spawning periods (Kaaya et al., 1999) . Indeed, GST in the liver was positively associated with lower condition and stomach fullness, reflecting the influence of a higher intake of food, and consequent increase in the metabolic rate in liver tissue. Under conditions of increased metabolic activity, one may expect a rise in the production of electrophilic compounds resulting from metabolism, which require the activation of GSTs to be properly metabolized and promptly excreted (Wang and Ballatori, 1998) .
The geographical distance between the three sampling areas did not produce a significant distinction in any of the biological indicators (physiological and reproductive state, and biomarkers). Indeed, all selected indicators fluctuated roughly under a similar pattern, clearly related to natural variation. This supports the idea of genetic resemblance among subpopulations, an idea corroborated by Castro (2007) and Correia et al. (2014a) , whose analysis of otolith elemental fingerprints evidenced the existence of a single northern recruitment area in the Atlantic Ocean for this species.
Marine ecosystems are the final receptors of an immense set of pollutants, and several biomonitoring programs have already been developed and implemented in the Atlantic area (Stagg, 1998; Roose and Brinkman, 2005) . The use of biomarker data for detecting pollutant exposure is an old idea (Peakall, 1992; Heath, 1995) , but the recognition of natural variability (seasonal and spatial, for example) is the first step toward the need of setting up baseline values for biomonitoring programs. Natural variability is often deliberately eliminated from the majority of studies, namely those that are strictly laboratory-based; however, variability is a natural and desirable phenomenon that must be considered, and whose effects must be accounted for, especially in biomonitoring studies developed with assessments of the most diverse end-points on wild species. Acknowledging and assessing these natural sources of variation will greatly contribute to reduce uncertainties when performing multi-scale assessments of ecosystem quality, which is the main advantage of the here-proposed biochemical and physiological approach. Our data clearly show that the ecological knowledge of the studied species is useful in defining sampling periods and baseline levels, and there is a critical need to complement biomarker data with quantifiable indices of reproductive, nutrition, and overall physiological status. In our study, only AChE was sufficiently consistent throughout the sampling period, whilst other biomarkers are strongly dependent on the physiological and reproductive condition of the fish. This must be acknowledged if these markers are to be integrated in biomonitoring studies of coastal pollution. This is particularly important because the documented contamination of the Atlantic Ocean mainly occurs by a diffuse set of substances, which brings additional uncertainty as a result of the complexity of potentially noxious chemical agents. These include microplastics (Cole et al., 2011), pesticides, industrial chemicals, organobromine compounds (Weigel et al., 2005) , chlorobiphenyls and PAHs (Schulz-Bull et al., 1998; Nizzetto et al., 2008) , resulting from dissolution of chemicals dissolved in the upper layer of oceanic water (Wurl and Obbard, 2004) . Some of these compounds, namely PCBs and organochlorine pesticides, can be absorbed and bioaccumulate in fish inhabiting the upper water layers Looser et al., 2000) , such as sardines. Also, recent concerns have arisen from the potential impact of the large amount of small debris that occur in the pelagic system and that are entering the trophic webs; emergent pollutants, such as micronized plastics (Wright et al., 2013; Ivar do Sul and Costa, 2014) , can be ingested by filter-feeding organisms and cause endocrine disruption, oxidative stress, among others. Despite occurring in extremely low levels, the effects of such compounds can be measured by means of quantifying the biological response (and its extent) elicited in exposed organisms using biomarkers (Timbrell, 1998; Cajaraville et al., 2000) . This study established a first step toward the potential definition of sampling periods for a biomonitoring program with an ubiquitous fish resource in the northern Atlantic, whose capture is warranted by the commercial fleets, and clearly demonstrated the importance of taking into consideration the internal drivers of population dynamics and physiological condition within a multi-scale approach for the assessment of ecosystem quality.
CONCLUSIONS
The obtained data are of particular importance in terms of future biomonitoring programs: it was possible to successfully address a set of practical, logistical issues, which included the establishment of a sampling strategy dependent upon commercial vessels of the Portuguese coastal traditional fishing fleet, and the calculation of baseline values for all tested biomarkers. Additionally, and given the agreement of the generic trends in the annual variation of biomarkers among all sampling sites, it is possible to confirm a consistent spatial pattern along the Portuguese coast for the S. pilchardus metapopulation. Despite the geographical dispersion of proveniences, tendencies of body indexes and biomarkers values were noticeably similar. On the one hand, if specific spots of oceanic contamination were hypothetically present in any of the sampled areas, it seems likely that differences among all sampled locations should have been reported; on the other hand, these data support the potential of S. pilchardus populations as a bioindicator species, especially if biomarker data can be conjugated with chemical analyses for contaminant body burdens. The main conclusion to be drawn from this entire set of data involves the recognition that seasonal variations are the uttermost important factors to address in biomonitoring programs. Considering the extent of the fluctuations in biological responses along the year, the interdependence of all analyzed criteria, and the physiological effects that are likely to occur and act as confounding factors for the ulterior interpretation of data, it is mandatory to fully characterize the trinomial combination (1) the particular species to be used in the biomonitoring program; (2) biotic/abiotic conditions (including contamination profiles) to which the species are to be exposed and that can be held responsible for eliciting responses; (3) time course of the sampling period (acute/chronic and the quali-quantitative differences that may result. Only with full knowledge of the chemicalbiological interactions it will be possible to understand the nature, typology and likely occurrence of toxic effects in the marine ecosystem.
